"Creatininase" activity was induced in the colon flora of rats by feeding creatinine. Sarcosine and methylamine were tentatively identified as the major products of the enzymic action. A third (unidentified) compound was observed. These compounds and methylguanidine were labeled in the urine of rats given 'CH3-creatinine orally. The resuits suggest that creatinine should not be considered biologically inert in animals, especially in those with decreased renal function. 
Implication of Creatinine and Gut Flora in the Uremic Syndrome: Induction of "Creatininase" in Colon Contents of the Rat by Dietary Creatinine
James D. Jones and Philip C. Burnett "Creatininase" activity was induced in the colon flora of rats by feeding creatinine. Sarcosine and methylamine were tentatively identified as the major products of the enzymic action. A third (unidentified) compound was observed. These compounds and methylguanidine were labeled in the urine of rats given 'CH3-creatinine orally. The resuits suggest that creatinine should not be considered biologically inert in animals, especially in those with decreased renal function. A complicating factor was the extreme difference in retention times between some very acidic compounds, such as urea, and basic ones, such as methylguanidine.
Additional Keyph rases '4CH8-creatinine
As a result, the most acidic compound(s)
has not yet been positively identified. The second ion-exchange chromatography system was the gradient elution system of Piez and Morris (7), as described for physiologic fluids, with an amino acid analyzer (Phoenix Precision Instrument Co., Philadelphia, Pa.).
ResuIts
Experimental conditions. When creatinine (10 or 20 g/kg of food) was fed to the rats, their large intestinal contents and feces readily degraded creatinine ( Figure 1 ). Specimens from rats fed the control diet did not display this activity.
More activity was found in those rats fed the diet richer in creatinine and when the assay incubation was under anaerobic conditions. The activity could not be demonstrated in contents of cecum, small intestine, liver, kidney, or other tissues from rats fed creatinine.
The activity was confined to the bacteria-containing portion of the gut contents and was very labile when ex- Factors affecting induction. Figure 2 illustrates the induction of enzyme activity with time. Although activity markedly varied among rats at 1 and 2 days, all animals had high enzyme activity at four days and approached the activity observed at longer intervals after 8 days on the diets. Interestingly, the blank tubes had higher alkaline picrate values at the earlier intervals than at day 8, which presumably indicates that some of the dietary creatinine was unaffected during the passage before the enzyme was induced.
From Table 1 it is apparent that proportionately less creatinine was enzymatically altered when the incubation mixture was under air than when it was under nitrogen, and that the decrease was directly reflected in the amount of the compound appearing as peak 3. We have tentatively identified peak 1 as sarcosine by retention times on two ionexchange columns.
It reacted with ninhydrin as does sarcosine, and the 440/570 nm absorbance ratio of the ninhydrin reaction product is similar to that of sarcosine.
Peak 2 is unidentified at present. Peak 3 appears to be methylamine; the compound traveled in two ion-exchange chromatogra- (Figure 3 ). The products identified as sarcosine and methylamine increased with time. Peak 2 was highest immediately after the labeled creatinine was added to the incubation mixture. These data are consistent with the conclusions that peaks 1 and 3 are end products and peak 2 may be an intermediate.
To determine if similar products would be formed in the intact rat, we fed rats control or creatinine-containing diets for two weeks and then gave them 5 Ci of 14CH3-creatinine by stomach tube. The urine was collected on solid carbon dioxide for 20 h. Table 2 gives the distribution of label in the fractions, which were determined as before. The data are expressed as percentages of total quantity of radioactivity recovered in the urine specimen; 50 to 65% of the label administered was recovered in these experiments.
Most of the radioactivity was recovered within the first 4 hours in unchanged creatinine, traces appeared in peak 2 and in methylguanidine, and about 4% appeared in peak 1. On rechromatography of peak 1 in a more acidic system, it was resolved into sarcosine (30%) and more acidic presarcosine o peaks (70%). About 8 and 12% of the label was o recovered as methylamine in control and creati-0 nine-treated animals, respectively. If creatinine is 0 catabolized in the intestine of the intact rat as we observed in the in vitro incubation-that is, much greater quantities being metabolized to peak 1 (sarcosine) than to peak 3 (methylamine)-a considerable quantity of the sarcosine may be metabolized by the rat to the more acidic compound found in the urine. phic systems (6, 7) as does methylamine; it was volatile in basic solution, and its very low 440/570 mix absorbance ratio was the same as that for methylamine, 0.129.
Effect of reincubation.
When these peaks were isolated from incubation mixtures and then added back to a fresh incubation mixture, which was then treated in the same manner as before, all of the material in peak 1 remained in peak 1 except for a trace that appeared in peak 3 on reincubation. The material in peak 3 was unaffected by this reincubation.
About 55% of the material that had been in peak 2 appeared in peak 1; the remaining 45% was not recovered in the filtrate. These results can be interpreted as indicating that peaks 1 and 3 are end products and peak 2 is an intermediate. Since added methylguanidine was also nearly
Discussion
Catabolism of creatinine by the microflora of the large intestine could be physiologically signifi- #{149} Mean value, two rats/treatment; similar distribution of label was observed in collections made in the interval 0 to 16 or 0 to 24 h after the administration.
Peak "1" resolved to sarcosine (30%) and presarcosine (70%) peaks in a more acidic chromatography system. and microbial action could lead to formation of toxic products from creatinine that, in the presence of decreased renal function, would be retained.
Creatinine has been considered to be metabolically inert in animals, probably because Mackenzie and du Vigneaud (8) showed that the methyl group did not appear as UCO2 when '4CHrcreatinine was administered orally or parenterally to rats. Also, Bloch and Schoenheimer (9) demonstrated, using '5N-labeled creatinine, that it was not transformed to creatine and that most of the creatinine given to animals was immediately recovered unchanged in the urine. Serum creatinine has been observed to increase at the predicted rate of about 2 to 3 mg/100 mi/day in acute anuria. However, in chronic anuric uremia, the rate of observed increase is 1 mg/iOO mi/day or less, about one-half to twothirds of the expected creatinine accumulation. This decreased rate of creatinine accumulation and the deficit in urinary excretion become apparent when serum creatinine concentration exceeds 6 mg/100 ml and neither appears to result from a decrease in the mass of total body muscle (10) . Dominguez and Pomerene (11) showed that about 80% of creatinine, administered orally, was absorbed from the small intestine, while creatinine injected intravenously was almost quantitatively recovered in the urine. Goldman (10) found that the daily fecal excretion of creatinine did not exceed 23 mg/day, even in a patient with a serum creatinine concentration of 27.8 mg/100 ml. These data have led some to conclude either that there is an as-yet-undescribed pathway for creatinine catabolism or that creatinine exerts a negative (14) . Therefore, creatinine (like urea) should diffuse into the gut where it might be catabolized.
The total quantity of creatinine involved at a normal serum concentration of 1.0 mg/100 ml may be negligible but, when the concentration increases to 15 mg/iOO ml, as is observed in uremia, the quantity available for recycling through the gastrointestinal tract becomes significant.
Further, that the suggested phenomenon (excretion into the gastrointestinal tract and induction of catalytic activity) may be a common occurrence is supported by the following observations. Brown et al. (15) recently demonstrated an increase in bacterial ureases in uremic men that should ".
. . fortuitously prevent availability of the enzyme becoming a limiting factor in the recycling of urea nitrogen." Sorensen (16) demonstrated that about 66% of administered uric acid was recovered in the urine of normal persons, whereas in gouty persons, only 46% was recovered; the remainder was metabolized by the microflora of the gastrointestinal tract into allantoin, allantoic acid, urea, and CO2, or was incorporated into the bacteria. Although the gut has been suggested as the source of toxins by a number of investigators, to our knowledge no one has implicated creatinine as a toxin precursor.
The products sarcosine and methylamine are not notably toxic to normal animals. It is to be expected that other products might appear from further catabolism of the initial catabolites of creatinine in the gut of uremic patients since the patient whose renal function is decreased is in effect nearly a closed system. One cannot extrapolate from the products formed in a normal rat to those presumably formed in an anuric patient with altered nitrogen metabolism, but the results are suggestive. In the uremic patient with an altered nitrogen metabolism, the products of creatinine metabolism may assume physiologic significance. An estimated 500 to 750 mg of creatinine could be catabolized per day. Accumulation of the resulting products would be undesirable if they were toxic or had the ability to alter any metabolic pathway.
